Over the last 15 years, it has become increasingly apparent that a single class of compounds, the acylated homoserine lactones (AHLs), elicit effects on many levels of biological and ecological organization. Despite the fact that the distribution of AHL production in the prokaryotic phylogenetic tree is restricted to a small set of genera, representatives of these genera are abundant in the environment and are responsible for processes of much interest to humans. As well as driving interactions between clones, AHLs have been shown to mediate interactions between different species of bacteria and between bacteria and higher organisms, either through the phenotypes they regulate or directly through their own chemical behaviour. Understanding the biological activity of AHLs and the ecological consequences of these activities may provide us with an opportunity to manipulate the composition and function of complex biological assemblages. Ultimately, this broadens the biotechnological focus of AHL-based research beyond the attenuation of virulence in humans and plant pathogens.
THE EMERGING STATUS OF ACYLATED HOMOSERINE LACTONES
The structural elucidation of the diffusible metabolite that regulates luminescence in the marine symbiont Vibrio fischeri was published by Eberhard et al. (1981) . Over a decade after the discovery of its autoinducer activity, the metabolite was identified as an acylated homoserine lactone (AHL). In the early 1990s, AHLs went from being an obscure, yet curious, regulator of gene expression in marine luminescent bacteria to a regulator of virulence in high profile plant and animal pathogens ( Jones et al. 1993) . Since then, AHLs have emerged as one of the most fascinating secondary metabolites in biology (Keller & Surette 2006) .
AHLs are a discrete group of biologically active metabolites produced by a small number of bacterial taxa. While a comprehensive, unbiased screen of cultivable microbial taxa for AHL production has never been conducted, existing research roughly maps out where, in the prokaryotic phylogenetic tree, AHL production is providing a selective advantage. Despite extensive screening of environmental isolates, an AHLproducing strain outside the a-, b-or g-classes of the Proteobacteria phylum has never been discovered and the genera known to produce AHLs are listed in table 1. Only 7% of the genera in each class contain AHL-producing isolates (9/133 for a-proteobacteria, 4/56 for b-proteobacteria and 12/180 for g-proteobacteria). This consistent distribution across the a-, band g-proteobacteria suggests that there is no specific relationship between the three classes, or the environments they inhabit, and the selective advantage of AHL production. More than probably, the ability to produce AHLs precedes the divergence of the three classes, and 93% of the genera that have emerged since the divergence have found no selective advantage in producing AHLs, within the classes as a whole.
While this cursory phylogenetic survey suggests that only a limited number of taxa have found their usefulness in AHL-mediated gene expression, it does not address the environmental or medical relevance of this extraordinary class of small molecule. The fact of the matter is that while AHL production is restricted to 7% of the genera in three out of five classes of one bacterial phylum, the taxa involved are representatives among the most abundant and active in the environment. With this in mind, the relevance of AHL production can never be questioned. This article details the remarkable range of biological activities of AHLs in the context of biological and ecological complexity.
ACYLATED HOMOSERINE LACTONES AND THE INDIVIDUAL
While AHLs have traditionally been viewed as serving an intercellular signalling function, it is important in the context of ecology to consider that AHLs may play non-signalling roles. The issue here is that signal production (AHL synthesis) represents a resource cost to the individual. This is not necessarily an issue in rich culture medium where many of our experiments are performed, but is likely to come into play in the environment where organisms experience multiple resource limitations. Indeed, because AHL production represents a resource cost, it is unlikely that luxI homologues evolved to coordinate group activities without originally serving some other function selected for at the level of individual cells. Such functions may, or may not, still exist in different AHL-producing bacteria. Two concepts that circulate outside the existing literature are those of waste disposal and iron scavenging. For example, AHL production, which currently consumes S-adenosylmethionine (SAM), may historically have been a means of removing the toxic demethylated product of SAM, S-adenosylhomocysteine (SAH; Barbes et al. 1990) . The fact that SAM serves as a substrate for the AHL synthase LuxI, while SAH does not, sheds some doubt on the possibility (Schaefer et al. 1996) . Another hypothesis, derived from the observation that AHLs bind iron at high concentrations (T. Charleton 2001, unpublished data) , suggests that they may have once played the role of ancient siderophores. A siderophore assay in which a test compound competes with known siderophores revealed that AHLs could not compete with extant siderophores for iron sequestration (M. Manefield 2003, unpublished data) . While AHLs are not currently known to play a role in central metabolism in bacteria and luxI mutants are viable under typical culturing conditions, the possibility that they serve or once served a non-signalling function remains. A test of this hypothesis would be to compete luxI mutant cells with wild-type cells or to monitor the evolution of luxI mutants from wild-type cells in a chemostat over several generations.
ACYLATED HOMOSERINE LACTONES AND INTRASPECIFIC INTERCELLULAR PHENOMENA
AHLs are best known for their ability to stimulate transcription of functional genes through their interaction with homologues of the LuxR protein of V. fischeri (Welch et al. 2000) . Owing to the size and polarity of AHLs, most of them can move freely across cellular membranes (those that cannot are transported; Evans et al. 1998) . Owing to this, the transcriptionally relevant intracellular concentrations of AHL are dependent on the increases in concentration in the extracellular environment. The nature of changes in the environment reflected by the extracellular accumulation of AHLs is a fascinating subject that requires testing in realistic experimental systems.
The popular hypothesis, referred to as 'quorum sensing', suggests that the selective advantage of AHL production lies in linking gene expression with cell density (Fuqua et al. 1994) . In quorum sensing, of the two parameters that define cell density (cell number and volume), it is an increase in cell number, rather than a decrease in volume, that is thought to activate transcription. There are numerous elegant scenarios whereby expressing certain genes when a population has increased in size is plausibly beneficial. One example involves virulence factor production in the plant pathogen Erwinia carotovora, and it suggests that producing virulence determinants at low cell densities would alert host immune systems to the infection before the bacterial population was at a density capable of resisting an immune response. This has been tested experimentally through the inoculation of AHL K E. carotovora mutants on AHL-producing plants (Fray et al. 1999) . In this experiment, the production of virulence factors at low densities did not interfere with the ability to mount a successful infection, casting some doubt on this 'stealth invasion' model.
Other hypotheses explaining the selective advantage of AHL-mediated gene expression involve elements of environmental sensing. For example, increases in extracellular AHL concentration may indicate that a population of cells is confined in a small space, such as the light organ of a squid or the xylem of a plant. Alternatively, given that AHLs lose LuxR binding activity at basic pH, AHLs could function as an extracellular sensor of hydrogen ion concentration. Another plausible hypothesis explaining the selective advantage of this intercellular signalling-dependent gene expression mechanism is that of orchestration. AHLs may act to make sure the expression of certain genes is simultaneous throughout a population, independent of cell density. This may be important in the expression of genes encoding antibiotics and antibiotic resistance. If some cells in a population started producing antibiotics while others were not expressing resistance genes, the result would be deleterious. While one or a number of these hypotheses may be most applicable for different bacteria, the selective advantage of AHLs may, in part, lie outside the regulation of intraspecific intercellular phenomena.
ACYLATED HOMOSERINE LACTONES AND INTERSPECIFIC BACTERIA-BACTERIA INTERACTIONS
The discovery that bacteria use extracellular metabolites to regulate gene expression gave rise to the hypothesis that cohabiting bacteria could manipulate gene expression in responsive non-self species. Over the last decade, the possibility that interspecies 'crosstalk' may be selected for at some level has grown steadily more plausible. McKenney et al. (1995) demonstrated that cell-free supernatants from Pseudomonas aeruginosa stimulate virulence factor production in its occasional lung cohabitant Burkholderia cepacia. Riedel et al. (2001) strengthened the idea using AHL reporters to demonstrate that AHLs from P. aeruginosa can stimulate gene expression in B. cepacia in mixed biofilms in flow chambers and in a mouse lung. Further evidence for interspecies signalling in the environment comes from the demonstration that naturally coexisting bacterial species on wheat or tomato roots induce AHL-mediated gene expression in non-isogenic species (Pierson et al. 1998; Steidle et al. 2001) .
Another compelling example of AHL-mediated interspecies control of gene expression involves Escherichia coli, which harbours the LuxR homologue SdiA, but does not produce AHLs itself. Yao et al. (2006) have recently shown that SdiA does indeed bind AHLs, indicating that E. coli encodes an AHL receptor protein that will only ever encounter the regulatory metabolite produced by cohabitant species. The discovery that Bacillus species produce lactonases that degrade AHLs and that this can be used to modulate AHL-mediated gene expression represents additional evidence that AHLs control phenotypes of importance in interspecies bacterial interactions (Dong et al. 2001) .
Recently, Mason et al. (2005) demonstrated that AHL-mediated gene expression can be affected by the presence of non-AHL-producing and non-AHLdegrading species. In elegantly constructed artificial microcolonies, the presence of non-AHL-producing cells appeared to foster the accumulation of AHLs produced by cohabiting cells in the microcolonies. This constitutes an example where non-AHLproducing species regulate gene expression in AHLproducing species.
One final example where AHLs affect cohabiting bacterial populations involves the consumption of the metabolite as an energy source. A Variovorax species has been shown to use the acyl chain of different AHLs as an energy source and can rely on homoserine lactone as a sole source of nitrogen (Leadbetter & Greenberg 2000) . Arthrobacter, Ralstonia and Pseudomonas species have also been shown to use AHLs as growth substrates (Huang et al. 2003) . These studies show that AHLs play a role in trophic relationships in microbial communities.
Despite the fact that AHLs can and most probably do impact on cohabiting bacterial species, the impact of this on changes in the size of impacted populations, and therefore community composition and function, remains unclear. The design of experiments to distinguish between the impact of interspecies interactions mediated directly through AHL activity and interspecies interactions mediated through AHLregulated phenotypes is non-trivial.
ACYLATED HOMOSERINE LACTONE-MEDIATED GENE EXPRESSION AND INTERSPECIFIC BACTERIA-EUKARYOTE INTERACTIONS
Microbial communities in the environment are invariably associated with eukaryotes. As hinted previously, there are many examples where AHL-mediated gene expression plays an important role in interactions between bacteria and higher organisms. The most extensively studied involve the production of virulence factors by plant or animal pathogens, including E. carotovora and P. aeruginosa. These have been reviewed extensively elsewhere (Whitehead et al. 2001 ).
An interesting phenomenon that has received less attention was discovered by Matz et al. (2004) , whereby the ingestion of as few as three Chromobacterium violaceum cells by bacteriovorous nanoflagellate protozoa resulted in the death of the predator. Violacein production in C. violaceum is regulated by AHLs and it was shown that AHL mutants of C. violaceum did not kill the grazing eukaryote. This indicates that predator populations could be adversely affected by an AHLregulated phenotype. If AHL accumulation only occurs in flocs or biofilms, AHL-mediated production of violacein may act to protect aggregated biomass by limiting proliferation of populations of protozoa that graze on aggregates. In this hypothetical, planktonic cells remain vulnerable to predation, thereby establishing a selection pressure for other bacterial species to integrate into flocs with C. violaceum. The potential impact of AHL-mediated gene expression on the ecology of natural and industrial environments becomes apparent.
Another example, where AHL-mediated gene expression may play a role in eukaryote ecology, involves the red algae Delisea pulchra. This benthic marine plant produces compounds (halogenated furanones) that interfere with AHL-mediated gene expression by triggering proteolytic degradation of the AHL receptor protein (Manefield et al. 2002) . It has been proposed that the bioactive secondary metabolite chemistry of D. pulchra has evolved in response to the insistent pressure of AHL-mediated bacterial colonization and phytopathogenic phenotypes (Kjelleberg et al. 1997) . If this were so, then AHL-mediated gene expression not only drives ecological interactions with higher organisms but can illicit eukaryotic evolutionary responses as well. The finding that developing gnotobiotic plantlets of Lotus species demonstrate AHL degradation activity lends weight to this assertion (Delalande et al. 2005) .
ACYLATED HOMOSERINE LACTONES AND INTERSPECIFIC BACTERIA-EUKARYOTE INTERACTIONS
There are a number of remarkable examples where cohabitant organisms outside the prokaryotic world are respondent to AHLs. The first reported bacteriaeukaryote interaction involving AHLs involved the stimulation of interleukin-8 production in respiratory epithelial cells by a long-chain AHL produced by P. aeruginosa (Dimango et al. 1995) . Since then, research on the immunomodulatory effects of AHLs have shown that AHLs play a direct role as a virulence factor in mediating pathogenic relationships (Telford et al. 1998; Smith et al. 2002 ).
An intriguing non-medical example has recently come to light. In the marine environment, AHLs have been shown to act as a settlement queue for motile zoospores of the green alga Enteromorpha ( Joint et al. 2002) . While the AHLs and microbial ecology M. Manefield & A. S. Whiteley 1237 mechanism by which Enteromorpha detects and responds to AHLs is unknown, the discovery raises the possibility that, in the marine environment, Enteromorpha zoospores use AHLs emanating from bacterial biofilms to select appropriate attachment sites. If this were true, AHLs would have a direct influence on the biogeography of marine algae. The fact that AHL production is an ancient phenotype (possessed by the last common ancestor of the a-, b-and g-proteobacteria) makes the evolution of such biotic interactions plausible. Indeed, in the rhizosphere environment, Mathesius et al. (2003) provided proteomic evidence for extensive and specific responses to AHLs in the model legume Medicago trunculata.
ACYLATED HOMOSERINE LACTONES AND WASTEWATER BIOTECHNOLOGY
The biological activity of AHLs discussed previously reveals that they are a versatile group of compounds capable of abiotic and biological interactions relevant over different levels of complexity in ecology. While there is doubt that AHLs play a role in the metabolism of individual bacterial cells (individual level), it is clear that they can mediate interactions between conspecific cells (population level), non-specific bacterial cells and between prokaryotes and eukaryotes (community level). In light of this, it is perhaps not surprising that the addition of AHLs to phenol-degrading activated sludge led to shifts in community composition and phenol degradation rates ( Valle et al. 2004) .
Several known AHL-producing species are commonly found in activated sludge and a screen of cultivable organisms from activated sludge with AHL reporter bioassays showed that they are prevalent, and new genera could be identified that produced AHL-like compounds ( Valle et al. 2004 ). The wastewater system in question operated as part of an industrial coking operation and is critical in order to breakdown highly polluted wastewater streams derived from coke production (approx. 300-500 mg l K1 of organic pollutants with more than 70 major chemical species, phenol being the dominant chemical species). The discovery of these phenotypes indicated that such systems may use AHL inter-and intraspecific signalling as a means to coordinate the complicated breakdown pathways. This assumption was tested during the periods of community shutdown, where wastewater feed to the population was stopped, as occurs during periods of toxicity build-up. Specifically, during toxicity build-up in the coking wastewater streams, the communities are protected by isolating the biological reactors from the wastewater input and storage of the wastewater in holding tanks followed by remedial action, such as dilution. However, during these periods, the communities can rapidly lose the ability to breakdown phenol, the primary pollutant (figure 1), and hence are difficult to restart when the wastewater streams are re-initiated into the biological reactors. If, however, the isolated community was supplemented with 2 mM of AHL on a daily basis, the ability to breakdown phenol was maintained when tested with a phenol breakdown challenge (figure 1). Under this scenario, AHL addition caused a population shift from the dominant degrader (a Thauera species) to a community that had a more even balance between the Thauera degrader and Comomonas-like organisms (figure 2). There is currently no understanding of the mechanism by which the modulation of population changes occurs or how phenol degradation is maintained; however, unpublished data suggests that the production of surfactants could be linked to the observations. In terms of these important biotechnological applications, AHLs provide an avenue for academics and industrialists to explore their use in maintaining community activity during deleterious changes in operational efficiency, a costly event for industrialists if the biological treatment system they employ fails to work, or is compromised by toxicity issues. This is especially pertinent in the coking industry, where the manufacturing process is required to run on a continuous basis and, therefore, maintaining biological treatment is a main priority during operations. Much work still needs to be performed, such as understanding the mechanisms in switching phenol-degrading dominance during AHL amendment, the stability of AHLs within the system and the ability of isolates to produce them in situ. These investigations require new monitor strains to be produced, which are viable in these toxic ecosystems, hence we can monitor production at the single cell level and methodological developments to address stability in situ and the different classes of AHLs that are bioactive in situ.
In general, the application of microbial communities to wastewater treatment has had a profound influence on human civilization. Despite this biotechnological for healthy sludge (dashed line). During 14 days of cessation of input wastewater feed, the community lost the ability to breakdown a phenol challenge. However, after supplementing cultures with 2 mM AHLs for the 14-day period, the community retains its ability to breakdown phenol challenges. marvel, our understanding of what influences community dynamics and hence sludge function is still rudimentary, as we have demonstrated within the coking system. Activated sludge represents an experimentally tractable and biotechnologically relevant environment in which to improve our understanding of the role of AHLs in ecology and provide actual solutions to 'real world' problems faced by industrialists. Future solutions could involve the direct addition of synthesized AHLs to communities experiencing poor degradation capabilities, or the promotion of naturally occurring strains within the community to aid community stability. Either way, we believe that such solutions will have a place in engineering stability into complex industrial degradation communities, with the ultimate aims of significant cost savings for industrialists and protection of the environment as a whole.
CONCLUSIONS
We have highlighted only a subset of examples, which indicates the number and breadth of biological activities that AHLs display. From these few examples, it is apparent that this group of small molecules is among the most fascinating and influential non-essential metabolites in biology. In short, while AHLs have no apparent role in central metabolism, AHLs are somehow involved in the biology of individuals, populations and communities (including eukaryotes), and possibly at the 'event horizon' of evolution. This is true in the sense of major transitions of evolution (cellular to multicellular biology) and in the sense of controlling current skirmishes between pathogens and hosts (Persson et al. 2005) . The vast global research effort that has been directed towards AHLs over the last 15 years reflects both the fascination and the opportunity to apply our understanding (both in terms of stimulating and inhibiting AHL interactions) in industrial and medical contexts for the benefit of society.
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